In 2001 November a magnitude 7.8 earthquake ruptured a 400 km long portion of the Kunlun fault, northeastern Tibet. In this study, we analyse over five years of post-seismic geodetic data and interpret the observed surface deformation in terms of stress relaxation in the thick Tibetan lower crust. We model GPS time-series (first year) and InSAR line of sight measurements (years two to five) and infer that the most likely mechanism of post-seismic stress relaxation is time-dependent distributed creep of viscoelastic material in the lower crust. Since a single relaxation time is not sufficient to model the observed deformation, viscous flow is modelled by a lower crustal Burgers rheology, which has two material relaxation times. The optimum model has a transient viscosity 9 × 10 17 Pa s, steady-state viscosity 1 × 10 19 Pa s and a ratio of long term to Maxwell shear modulus of 2:3. This model gives a good fit to GPS stations south of the Kunlun Fault, while displacements at stations north of the fault are over-predicted. We attribute this asymmetry in the GPS residual to lateral heterogeneity in rheological structure across the southern margin of the Qaidam Basin, with thinner crust/higher viscosities beneath the basin than beneath the Tibetan Plateau. Deep afterslip localized in a shear zone beneath the fault rupture gives a reasonable match to the observed InSAR data, but the slip model does not fit the earlier GPS data well. We conclude that while some localized afterslip likely occurred during the early post-seismic phase, the bulk of the observed deformation signal is due to viscous flow in the lower crust. To investigate regional variability in rheological structure, we also analyse post-seismic displacements following the 1997 Manyi earthquake that occurred 250 km west of the Kokoxili rupture. We find that viscoelastic properties are the same as for the Kokoxili area except for the transient viscosity, which is 5 × 10 17 Pa s. The viscosities estimated for the Manyi and Kokoxili areas are consistent with constraints obtained from other earthquakes in the northwest and south central parts of the Tibetan Plateau.
I N T RO D U C T I O N

Background
The 1500 km-long east-west striking Kunlun fault system in northeastern Tibet (Fig. 1) regularly experiences large earthquakes. Leftlateral strike-slip motion on this fault accommodates eastward motion of the Qiangtang and Songpan-Ganzi terranes on the southern side, relative to the Qaidam Basin on the northern side. Slip rates on the western Kunlun fault have been estimated for the last millennium from dating of offset geomorphic markers (Van der Woerd et al. 1998; Woerd et al. 2002; Haibing et al. 2005) and fall within the small range of ∼10-12 mm yr -1 . In the last century, five leftlateral strike-slip earthquakes with magnitude >7 occurred on the Kunlun fault or associated faults at its western end (Xiong et al. 2010) . The 1937 M s 7.5 Huashi Canyon earthquake, the 1963 M s 7.1 Dulan earthquake and the 2001 M w 7.9 Kokoxili earthquake all occurred on the main Kunlun fault, with increasingly westerly epicentres. The 1973 M w 7.4 and 1997 M w 7.6 Manyi earthquakes occurred on a western splay of the main Kunlun fault, rupturing nearby parts of the splay system. The quick succession and close proximity of the 1997 Manyi and 2001 Kokoxili earthquakes provide an unprecedented opportunity to investigate the rheological structure of the crust in this part of Tibet.
In recent decades there has been much interest concerning the rheological nature of the lithosphere beneath the Tibetan Plateau.
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I. Ryder, R. Bürgmann and F. Pollitz In particular, the issue of lower crustal flow has been central to the debate about how the plateau formed and how it is deforming today. The crust across the Tibetan Plateau is much thicker than typical continental crust as a result of the collision between the Indian and Eurasian Plates. The crust thins from about 80 km in the southern plateau to about 55 km in the northern Songpan-Ganzi terrane, immediately south of the Kunlun Fault (e.g. Zhu & Helmberger 1998 , Vergne et al. 2002 . It is accepted that the top 15-20 km of the crust behaves in a brittle-elastic fashion, facilitating the occurrence of large earthquakes. Two classes of model then apply for the remainder of the lithosphere. Lower crustal/upper mantle material beneath the upper crust might also be effectively rigid, resulting in a style of deformation involving fault-bounded tectonic blocks that is coherent throughout the entire lithosphere. This view has been put forward by Avouac et al. (1993) and Meade (2007) on the basis of GPS velocity fields and geological slip rates on major faults. In an alternative class of model, some portion of the lithosphere beneath the seismogenic upper crust has viscous properties that allow it to flow, with no pronounced localization of shear deformation beneath major faults in the upper crust. This view has been put forward in various forms by England & Molnar (1997) , Houseman & England (1993) , Royden et al. (1997) , Zhang et al. (2004) and Bai et al. (2010) , but how much of the lithosphere is weak enough to flow on subgeological time-scales, and at what depth, is still debated.
There are now many lines of geophysical evidence suggesting that the mid to lower crust in the northern part of the plateau is warm and weak enough to flow due to the presence of partial melts. This evidence ranges from high Poisson's ratio (Owens & Zandt 1997; Rodgers & Schwartz 1998) , high seismic attenuation (Rodgers & Schwartz 1998; Fan & Lay 2003) , high conductivity (Wei et al. 2001; Unsworth et al. 2004) and Quaternary volcanic rocks at the surface (Hacker 2000; Ding et al. 2003) . Slow seismic velocities in the mantle beneath northern Tibet suggest that it is warmer than further south (Ni & Barazangi 1983; McNamara et al. 1997; Rapine et al. 2003) , which may in part account for the especially warm lower crust. Several studies have also documented a change in conductivity across the Kunlun Fault (e.g. Wei et al. 2001; Unsworth et al. 2004 , Rippe et al. 2010 . In addition, the results of Unsworth et al. (2010) show a further decrease in conductivity across the southern margin of the Qaidam Basin. A thorough review by Klemperer (2006) details the results and interpretations of many geophysical studies of the Tibetan Plateau.
The occurrence of large earthquakes in this setting of thick, warm lower crust offers a relatively rare opportunity to probe crustal rheology using post-seismic relaxation. By contrast, in other tectonic settings where the crust is thinner and colder, the dominant post-seismic response to a large earthquake tends to occur in the mantle (e.g. Pollitz 2003a Pollitz , 2005 Freed et al. 2006; Biggs et al. 2009) . Determining an appropriate rheological model for Tibet is Kokoxili lower crustal relaxation 615 important for understanding the geodynamics of the plateau. For example, loading of faults during the interseismic period would be expected to have a different evolution for different vertical rheology profiles. Equally, placing constraints on mechanical properties of the crust will inform efforts to understand the large-scale dynamics of how the plateau formed. Savage (1990) showed that for an infinitely long vertical strikeslip fault, surface deformation due to distributed viscous flow in a Maxwell viscoelastic half space beneath an elastic upper crust can be matched exactly by a certain distribution of time-dependent fault slip at depth in an elastic half-space. For a finite-length, nonvertical strike-slip fault with variations in strike along its length, this equivalence does not apply, and vertical displacements are nonzero. However, when the finite-length fault is long compared to the depth of faulting, and near-vertical, it is possible to obtain very similar surface displacement fields for localised afterslip and distributed viscous flow at similar depths, and vertical displacements at the surface are small except near the rupture tips. For the case of Kokoxili, the length of fault that ruptured during the earthquake was ∼25 times the thickness of the seismogenic upper crust, and so there is large potential for ambiguity in inferences of rheological structure at depth made from observations of post-seismic motion at the surface. Ryder et al. (2007) found such ambiguity for the case of the 1997 Manyi earthquake, which ruptured a fault only 12 times longer than the thickness of the upper layer.
Previous coseismic and post-seismic studies of the 2001 Kokoxili earthquake
Coseismic displacements for the 2001 November 14 Kokoxili earthquake have been investigated using both InSAR (Lasserre et al. 2005) and GPS . Lasserre et al. (2005) used InSAR data and solved for distributed slip, assuming a pure leftlateral sense of motion, and estimated a maximum offset of about 8 m, with 3-4 m of slip occurring down to a depth of 10 km at certain places along the vertical fault. For their analysis of GPS data, Wang et al. (2003) assumed depth-uniform slip on each of 16 fault segments along strike, but allowed the rake on each segment to vary. They estimated up to a maximum of 5.35 m of strike slip, with an increasing amount of dip slip, up to 1.14 m towards the east. The depth of slip in their model is 16.5 km, but the authors point out that the actual depth of coseismic slip may be less than this since their GPS data set included 4 months of post-seismic displacement. Shen et al. (2003) modelled 6 months of post-seismic GPS data for the Kokoxili earthquake, and inferred that both afterslip and viscoelastic relaxation in a lower crustal weak layer occurred. The thickness of the viscoelastic layer in the model was 20 km and the Maxwell viscosity was 5×10 17 Pa s. Ren & Wang (2005) used the same GPS sites as Shen et al. (2003) but had longer time-series lasting 1 yr. They noted that about 50 per cent of the total observed surface deformation (3 weeks to 1 yr) occurred during the first two observation weeks, that is, the deformation rate was very rapid initially and decreased over time.
This study
In this study, we use the post-seismic response of the Kokoxili earthquake to investigate the physical properties of the thick Tibetan crust. Since the top of the upper mantle is deep here (>55 km), any time-dependent surface motion will be sensitive mainly to the properties of the crust, with the mantle having only a minor influence. We present post-seismic GPS and InSAR data for the first five years following the Kokoxili earthquake. The GPS measurements cover the first year, starting 13-19 days after the earthquake, and the InSAR data cover years two to five. We start by considering models of stress relaxation by viscous flow in the mid to lower crust, and explore what rheological properties reproduce the data satisfactorily. Initially, the effects of viscoelastic layering on the spatial displacement field are investigated. Then, following on from the conclusion of Ryder et al. (2007) that the effective viscosity of the lower crust increased over time following stress loading by the nearby Manyi earthquake, we utilize a biviscous rheology with two material relaxation times (Pollitz 2003a (Pollitz , 2005 . It should be noted that a power-law medium predicts a decrease in effective viscosity at the time of the earthquake itself, after which the effective viscosity increases as stress changes are relaxed. Afterslip models are run to assess to what extent a model of deep slip can explain the observations. We also apply the optimal viscoelastic model to the Manyi post-seismic data set of Ryder et al. (2007) to assess the variability in rheological structure along the western end of the Kunlun fault system.
DATA
GPS data
We use post-seismic GPS data along a transect crossing the fault obliquely in its eastern half (Fig. 1) , as presented by Ren and Wang (2005) . The sites were first occupied post-seismically between 1 and 3 months following the earthquake, and the time-series run until the end of 2002 November, that is, about a year after the mainshock. These early time-series are invaluable because they cover most of the time between the earthquake and the start of the InSAR dataset in early 2003. A regional velocity field representing interseismic deformation was obtained from pre-earthquake GPS data and removed from the time-series . 
InSAR data
Post-seismic interferograms
To construct interferograms of surface deformation, we make use of SAR data from the European Envisat satellite from early 2003 until early 2007. All data were processed using the open source ROIPAC software developed at Caltech/JPL (Rosen et al. 2004) , using the 90 m SRTM DEM to correct for topographic phase. Unwrapping was carried out using the branch cut algorithm within ROIPAC. The InSAR data set as a whole shows good coherence over the western part of the rupture area. Coherence is not as good over the eastern half, the main reason being the high relief of the Kunlun Shan in the eastern part of the study area, which gives rise to geometrical decorrelation and tropospheric water vapour artefacts. A subset of the interferograms was selected for use in the present analysis (Table 1) , based on their relatively high coherence values and low contributions of topography-correlated noise due to tropospheric water vapour. By way of example, Fig. 3 shows two post-seismic interferograms, one on descending track 405 and the other on ascending track 355 (see Fig. 1 for locations) . The ascending interferogram has the sign of range change on either side of the fault reversed with respect to the descending interferogram, 616 I. Ryder, R. Bürgmann and F. Pollitz indicating that displacements are mostly horizontal, as expected for a long strike-slip fault. The sense of offset across the fault is leftlateral, which is the same as the coseismic sense. Fig. 4 is a collage of interferograms on different tracks that cover approximately the same period of time (2003) (2004) . Details of the interferograms are given in Table 1 . Note that the line of sight vector varies across each SAR track, and the variation in start/end dates for the group of interferograms is up to about 3 months. The first-order pattern of line of sight deformation is very similar to that for the 1997 Manyi earthquake (Ryder et al. 2007) , which had a similar fault strike and a predominantly left-lateral sense of slip. In both cases, the pattern of descending line of sight displacement consists of an elongate lobe of positive range change on the north side of the fault and an elongate lobe of negative range change south of the fault (compare Fig. 4 of this paper and fig. 2 of Ryder et al. (2007) ).
Post-seismic time-series
To gain an idea of the temporal decay of post-seismic stress relaxation, 15 interferograms on Track 176 were used to construct a time-series. Track 176 was the most coherent of all the tracks over the entire observation period (2003) (2004) (2005) (2006) (2007) , and was the only track with enough interferograms to allow time-series inversion. The method followed is the same as that described in Ryder et al. (2007) for producing the Manyi post-seismic time-series, and so is described only briefly here. The line of sight displacement in each interferogram is used on a pixel-by-pixel basis, along with the known start and end dates of each interferogram, to invert using smoothed least squares for cumulative displacements relative to a reference time (the earliest start date of the set of interferograms). The smoothing applies a weighted constraint that velocities in adjacent time windows should be constant. For the resulting time-series shown in Fig. 5 , the reference date is 2003 April 6 and the timeseries extends until 2006 November 26. Line of sight displacements are shown for all dates on which a SAR acquisition was made, and the plot at bottom right shows the mean absolute pixel displacement from the entire deforming area as a function of time. This curve may be compared with the earlier GPS time-series in Fig. 9 .
M O D E L L I N G O F V I S C O E L A S T I C R E L A X AT I O N
Objectives
The aim of modelling the geodetic data is to constrain the rheological structure of the crust in this part of Tibet, including the thickness of any distinct rheological layers as well as their elastic and viscous properties. For the purposes of this paper, the term lower crust refers to the part of the crust beneath the elastic upper crust in which earthquakes occur, that is, between about 20 and 55 km. For modelling surface displacements due to viscoelastic relaxation in the lower crust, we start by assuming a radially symmetric earth with distinct elastic and viscoelastic layers, using the Fortran code VISCO1D (Pollitz 1992) . The parameters to be constrained are: (i) the thickness of the viscoelastic layer(s) in the lower crust, and (ii) the mechanical properties of the layer(s), in particular viscosity. In the Discussion, we briefly consider the effects of lateral heterogeneity in material properties across the southern margin of the Qaidam Basin, and we test whether the results obtained for the Kokoxili area also apply to the Manyi area.
Viscoelastic stratification in the crust
Before modelling the time dependence of the observed post-seismic signal, we focus on the spatial displacement pattern to gain an idea of the main layering in the crust. Since the displacement pattern (as opposed to the temporal response) depends primarily on the configuration of layers rather than their mechanical properties, our initial aim is to broadly reproduce the two-lobe pattern seen in the collage of Fig. 4 by specifying Maxwell viscoelastic layers in the crust. Although Ryder et al. (2007) showed that a Maxwell 618 I. Ryder, R. Bürgmann and F. Pollitz rheology does not fit the time dependence of the observed postManyi earthquake deformation, choosing a Maxwell rheology is sufficient for this exercise because the spatial pattern looks very similar whether a Maxwell or Burgers (or standard linear solid) rheology is implemented.
We model two viscoelastic crustal layers beneath an elastic upper crust, varying the thickness of the upper viscoelastic layer (d) and the viscosity ratio between the upper and lower layers (γ ). The lower layer is set to be many times the thickness of the upper crust. The coseismic slip model used as input into the viscoelastic models is Table 2 . Coseismic slip parameters obtained by Wang et al. (2003) from GPS data and used as input into the viscoelastic models. the depth-uniform, variable-rake slip model of Wang et al. (2003) , whose parameters are listed in Table 2 . This GPS-derived model is preferred over the InSAR-derived model of Lasserre et al. (2005) , since the InSAR data set only has good spatial coherence in the easternmost track, and so the slip distribution west of about 93
• is poorly constrained. We fix the thickness of the upper crust at 16.5 km, which is the optimal depth of coseismic slip estimated by Wang et al. (2003) , and is also consistent with the model of Lasserre et al. (2005) . Making the elastic upper crust in the model either thicker or thinner leads to the fault-perpendicular wavelength of the post-seismic deformation pattern being over-predicted or underpredicted, respectively. The vertical fault assumed in the Wang et al. (2003) model is consistent with the results of a careful analysis of body wave seismograms by Robinson et al. (2006) , who determined a dip of 90
• for the part of the Kunlun Fault that ruptured. As stated above, the GPS data set used by Wang et al. (2003) extends to the fourth post-seismic month. Although this may mean that the nominally coseismic slip obtained in their inversion is slightly overestimated, this bias is moderated by their inclusion of surface offset measurements across the fault carried out immediately after the earthquake. Any afterslip that is nonetheless estimated as part of the coseismic slip distribution will add to driving the viscoelastic relaxation.
Three values of d are tested (10, 25 and 50 km) and five values of γ (0.01, 0.1, 1, 10, 100). Since the best-fit viscosity of the geodetic data sets using a Maxwell half space is 10 19 Pa s, this value is applied to the upper layer when γ > 1 and the lower layer when γ < 1. The combinations of d and γ tested are given in Table 3 . The grid in Fig. 6 shows predicted line of sight displacements for the 15 different combinations of d and γ . For the low γ cases, the displacement lobes on both the southern and northern sides become more bulbous towards the east, which is not observed in the InSAR collage. In addition the lobes are broader in a cross-fault direction than is observed (compare the InSAR collage in Fig. 4 ). For the high γ cases the pattern is again too broad, and the models predict a quadrant pattern of positive and negative range change, which is not observed. In contrast, the γ = 1 case gives two more equal lobes on the north and the south side, very similar to the InSAR collage, and the lobes have a similar width to those observed. Since the viscosities of the upper and lower layers are the same, this model is equivalent to a viscoelastic half-space beneath the elastic upper crust. We also tested γ values slightly larger and greater than unity, and found that the viscosity of the two layers could change by up to 
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a factor of about three before the spatial pattern started departing from the observed pattern. We therefore conclude that there is no major resolvable stratification of viscoelastic layers in the crust, but rather that the crust is fairly homogeneous in its properties.
Modelling time dependence with a Burgers rheology
For the 1997 Manyi earthquake, Ryder et al. (2007) showed that a Maxwell rheology with a single decay constant cannot explain the first four years of InSAR observations. Similarly, modelling of the Kokoxili early GPS time-series with a Maxwell half space beneath an elastic upper crust under-predicts the initial transient displacements and over-predicts later displacements. We therefore assign a Burgers rheology for the crust beneath the seismogenic upper crust. This transient rheology is represented mechanically by a Kelvin element in series with a Maxwell element. The Kelvin element consists of an elastic component with shear modulus μ 1 in parallel with a viscous component with viscosity η 1 . The Maxwell element consists of an elastic component with shear modulus μ 2 in series with a viscous component with viscosity η 2 . When this composite is subjected to a stress which is held constant after being imposed, only the elastic component of the Maxwell element strains instantaneously; subsequently, the Kelvin and Maxwell elements experience strain, at rates determined by their viscous components. Eventually the Kelvin element ceases to strain and steady-state strain is achieved by the Maxwell element alone. Thus, there is a transient period of strain whose strain rate is determined by the Kelvin element, followed by a steady-state period of strain. During the transient period, the shear modulus of the entire system relaxes from its initial instantaneous, Maxwell value, μ 2 to a long-term value, μ', which is equal to μ 1 μ 2 /(μ 1 +μ 2 ). In this study, the relaxation of the shear modulus is parameterized by α, defined as the ratio of the long-term to the initial shear modulus, α = μ'/μ 2 .
The aim of the Burgers rheology modelling is to estimate η 1 , η 2 and α, and also to estimate the depth at which viscoelastic relaxation occurs, with the thickness of the viscoelastic layer being parameterised by the variable h. Material below this layer is given a very high viscosity, such that its relaxation time is too long to result in any significant creep response over the timescale of interest. For each data set, a coarse 3-D grid search over η 1 /η 2 /α/h parameter space is carried out. The value of η 1 is varied between 10 16 and 10 19 Pa s, and η 2 is varied between 10 17 and 10 20 Pa s, both in order of magnitude steps; α is varied between 0.46, corresponding to 54 per cent relaxation of shear modulus during the transient period and 0.92, corresponding to 8 per cent relaxation in five equal steps. The viscoelastic layer thickness h is given values of 16, 40, 65 and 100 km, and also a half-space is simulated by making h very large. The Moho depth in this part of the plateau is estimated to be about 55 km (Owens & Zandt 1997) , so for an upper crustal thickness of 16 km, the 40 km thick layer case is equivalent to the entire lower crust being viscoelastic.
For all nodes on the grid search, a root mean square (rms) misfit between model and data is calculated. Once the optimal node of parameter space has been determined in a coarse sense, a finer grid search is carried out in the vicinity of this node. Hereafter, an individual node in parameter space is denoted {η 1 /η 2 /α/h}, where the terms are as defined above and the units are Pascal-second for the two viscosities and kilometres for the layer thickness.
Coarse grid search
For the GPS data set, the optimal node for the coarse grid search is at {10 18 /10 19 /0.69/65}. Fig. 7(a) shows misfit as a function of η 1 and η 2 for the optimal values of α and h. The misfit is only weakly sensitive to η 1 but is very sensitive to η 2 . This is because it is the steady-state viscosity η 2 that controls the overall magnitude of surface motion, and so for a given value of η 2 there is not much variation in η 1 . The strong lower bound and weak upper bound on η 2 (at this coarse grid resolution) is a results of the decrease from very large to small displacements as η 2 increases. The time-series shown in Fig. 7(c) are for site BDGD on the south side of the fault (see Fig. 1 for location) and demonstrate the effect on the relaxation curve of different combinations of η 1 and η 2 . If the steady-state viscosity is over an order of magnitude greater than the transient viscosity, then the modelled time-series flattens off too quickly after the first few months. Conversely, as the two viscosity values approach each other, then a Maxwell rheology is approximated, and the modelled curves are too linear to explain the rapid early displacement rate and the subsequent slower rate. The greatest effect of changing α is to alter the magnitude of strain at any particular point; the effect on time dependence is much less significant, this being chiefly determined by the viscosity values, including the ratio between viscosities. The value of α is therefore rather well constrained; for example, relative to the optimal model parameters obtained, a lower value of α-that is, lower long-term strength-gives a greater magnitude of displacement, but increasing viscosities to compensate for this alters the curvature of the decay curve such that it no longer matches the measured time-series.
For the InSAR data set, rms values are computed by averaging line of sight displacements across a 1
• -wide swath centred on the model profile line. The coarse grid search yields optimal values of {10
19 /10 19 /0.69/16}. Misfit plots are shown in Fig. 8 , both for h = 16 km and h = 65 km, the latter being the optimum value of h obtained in the GPS grid search. As for the GPS results, the misfit at the minimum in η 2 varies by only a very small amount across three orders of magnitude in η 1 . For the h = 65 km case, the material parameters are the same as for the GPS case, that is, {10
18 /10 19 /0.69}.
Fine grid search
Because the InSAR profiles post-date the earthquake by two or more years, the fine grid search is carried out only for the GPS data set. The value of η 1 is varied between 7 × 10 17 and 2 × 10 18 Pa s, and η 2 is varied between 8 × 10 18 and 3 × 10 19 Pa s; α is varied between 0.62 and 0.76. The range of h is retained from the coarse grid search. The optimal node is at {9×10 17 /1×10 19 /0.69/65}, for which the residual is 1.04 cm. As for coarse grid search, the misfit is more sensitive to η 2 than to η 1 . Note that the finer grid resolution gives a steeper increase in misfit at higher η 2 values, relative to the coarse grid resolution. In Fig. 9 the time-series for each GPS site is plotted along with the prediction of our optimal Burgers model. Close inspection of this figure reveals that while the model predicts displacements for sites to the south of the fault very well, with the exception of site GL43 immediately south of the fault, which is under-predicted, displacements are over-predicted by up to 100 per cent for the four northernmost sites. For the thinnest viscoelastic layer case, h = 16 km, the data-model misfit is 8 mm greater than for the optimal case, so a mid-crustal viscoelastic channel scenario can be ruled out. The misfits for the 40 km-thick layer case, which corresponds to the entire crust being viscoelastic, and the 100 kmthick layer case are both just over 1 mm greater than for the 65 kmthick layer case. The data therefore do not allow us to distinguish between these three scenarios, and our interpretation is that stress relaxation by viscous flow occurs at least throughout the entire crust, and possibly extends into the upper mantle.
As a check on the results obtained from the GPS data, Fig. 10 shows line of sight displacements perpendicular to the fault for four of the interferograms listed in Table 1 , along with the predictions of the optimal Burgers model derived from the GPS fine grid search. InSAR displacements are shown for pixels within 0.5
• either side of the nominal model profile line. Since we expect interseismic motion to contribute to the range change pattern of the interferograms, our post-seismic model profiles are adjusted by adding an interseismic component, u interseismic , using the formulation given in Savage & Burford (1973) :
where V is the relative far-field plate velocity, D is the locking depth and x is the distance from the fault. We use a value for V of 10 mm yr -1 (Haibing et al. 2005 ) and a locking depth of 16.5 km. The interseismic component is represented by the dashed lines in Fig. 10 . Both the wavelength and the magnitude of the postseismic deformation are well matched by the model for all four interferograms. There is a small degree of north-south asymmetry in the extent to which the modelled profiles fit the InSAR profiles, evident for tracks 176, 362 and 355. Similar to the GPS case, the model over-predicts displacements on the northern side.
A F T E R S L I P M O D E L L I N G
Afterslip is another plausible mechanism for how stress changes induced by an earthquake might be relaxed (e.g. Hearn et al. 2002 , Johnson et al. 2006 , Bürgmann & Dresen 2008 . In this case, the relaxation occurs by aseismic slip on a localized shear zone that is usually considered to be an extension of the fault plane at depth, though slip may also occur on parts of the shallower rupture zone. Since the GPS data set, which covers the first year, does not have sufficient spatial coverage of the fault to allow a robust inversion for afterslip during this early time interval, we consider the later time interval covered by the InSAR collage (2004), inverting for afterslip on the coseismic fault plane and its extension at depth down to well beneath the bottom of the crust. The general methodology follows that described in Ryder et al. (2007) in their study of the 1997 Manyi earthquake, although here we invert data for a single time window, rather than inverting different stages of a time-series. Since the start/end dates of the five interferograms in the collage (Fig. 4) are slightly staggered, we use the time-series shown in Fig. 5 to scale the individual interferograms to the Track 405 time interval ( December 23-2004 December 07) according to the temporal decay curve. Slip is allowed to occur from the surface down to a depth of 70 km, which is 15 km deeper than the estimated crustal thickness in this part of the Tibetan Plateau. The 16-segment fault geometry of Wang et al. (2003) is used, as for the viscoelastic modelling, and each segment is discretized into seven depth patches. Initially, the rake is assumed to be 0 • (pure left-lateral slip) for all patches. A non-negative constraint and Laplacian smoothing are applied, and the data are weighted using an estimate of correlated noise in non-deforming regions to compute a variance-covariance matrix for each interferogram. The same correlated noise parameters are also used to estimate the errors in the obtained afterslip distribution using Monte Carlo iteration (see Ryder et al. (2007) for further details).
The results of the afterslip inversion are shown in Fig. 11 . We note that the slight reduction in slip magnitude on the segment about half way along the fault is likely an artefact resulting from the small gap in the InSAR collage at this point. The inversion places most of the slip between depths of 20 and 50 km. A small amount of slip is located above this zone (10-20 km) and beneath this zone (50-70 km), and negligible slip is seen from the surface down to a depth of 10 km. This depth distribution implies that the postseismic relaxation process(es) mostly occurred in the mid to lower crust. The maximum inferred slip is 18 cm, and the total moment release over the ∼1 yr observation period is 6.47 × 10 19 N m, which is equivalent to a M w 7.1 earthquake. It should be noted that the rate of relaxation would have been significantly faster immediately following the earthquake, and so the total cumulative moment release up to the end of 2004 would have been much greater.
The slip model gives a reasonable first-order fit to the InSAR collage, although the wavelength of the displacement field is slightly less than observed. Horizontal displacements were also forward modelled for the 13 GPS sites (Fig. 12) , with the displacement vectors being upscaled empirically to allow for the earlier time window of the GPS relative to the InSAR data. The azimuths of the modelled vectors do not match those of the measured vectors, being more oblique to the fault strike. We therefore allowed the rake to vary between ±45 from pure left-lateral in the InSAR inversion, but since this allowed a component of dip-slip, the GPS vectors were then even more oblique to the fault. To further investigate this discrepancy in GPS vector azimuths, we inverted a synthetic viscoelastic displacement field for afterslip. The line of sight displacements from the Maxwell viscoelastic half space model in Section 3.2 (Fig. 6, top middle) was used as the 'data' vector in the inversion. The resulting slip distribution was forward modelled to produce both horizontal displacement vectors and line of sight displacements (Fig. 12) . The top right plot demonstrates that although the returned lobe pattern of the line of sight displacement field matches the input well in a visual sense, there is some discrepancy in the azimuths of the vectors. In the southeastern quadrant, the 'modelled' vectors are systematically too clockwise of the 'data' vectors, as is seen in the inversion of the real InSAR data. There is also some mismatch in the northeastern quadrant, though not as pronounced. This synthetic test supports the conclusion that the post-seismic deformation seen in the InSAR data set is at least partially a result of viscous flow in the lower crust.
D I S C U S S I O N
Contribution of afterslip to post-seismic relaxation
Afterslip has been inferred to occur following several earthquakes in different tectonic settings (e.g. Hearn et al. 2002 , Jacobs et al. 2002 . Although the first-order features of the GPS/InSAR post-seismic data set for the Kokoxili earthquake can be explained very well by viscoelastic relaxation in a Burgers lower crust, afterslip would be expected at least in the zone immediately down-dip of the coseismic rupture, in the transition from brittle to ductile behaviour, and the top of the viscoelastic layer may in fact be deeper than 16.5 km. End-member afterslip modelling demonstrates that slip at much greater depths (20-50 km) beneath the coseismic fault plane can give a reasonable match to the In-SAR displacements during the 2004 observation period, but the 624 I. Ryder, R. Bürgmann and F. Pollitz wavelength of the modelled displacement field is slightly shorter than that of the InSAR collage, which implies that the modelled afterslip distribution cannot match displacements both close to and away from the fault. In addition, horizontal displacements forward modelled at the GPS sites using the InSAR-derived afterslip distribution (and scaled to account for the earlier time window) do not give a good match to the GPS measurements (Fig. 12) . This implies that either the afterslip distribution substantially changed over time, or that viscoelastic relaxation played a dominant role in relaxing the coseismic stresses (with or without afterslip). For the first possibility, the slip distribution would need to change quite markedly over time. We deem this unlikely, since other, unequivocal examples of afterslip (e.g. following the Nima-Gaize earthquake, Ryder et al. 2010 , and also other normal faulting earthquakes on the Tibetan Plateau we have studied) show a deformation pattern that is spatially stable over time, although Bürgmann et al. (2002) found some modest spatial change in early afterslip inferred for the Izmit earthquake. We suggest that viscous flow is the dominant mechanism of stress relaxation, since it can explain both the early GPS and the later InSAR data set. This conclusion is supported by the results of inverting a synthetic viscoelastic data set for afterslip (Section 5), which gives a systematic misfit of horizontal displacement azimuths similar to that obtained in the real inversion.
Some afterslip is likely to have occurred as well, but probably limited to the shallow mid crust in the early post-seismic period. Recent geodetic studies of specific strike-slip earthquakes that implement stress-driven afterslip indicate that when afterslip occurs (with or without viscoelastic relaxation), it is limited to the first year or so following the earthquake (e.g. Hearn et al. 2009, Izmit; Barbot et al. 2009, Parkfield) . Since our viscoelastic model does not take afterslip into account, any slip that did occur would be modelled in proxy by viscous flow, and our estimate of viscosity would therefore be a lower bound-particularly the transient viscosity, if the afterslip was concentrated during the first few months.
Lateral heterogeneity in rheological structure
Of the 13 GPS sites for which data are presented in Fig. 9 , the four northernmost sites, which straddle the southern margin of the Qaidam Basin, have time-series that are over-predicted by our initial laterally homogeneous earth model. If afterslip contributes significantly to the early GPS time-series, then the asymmetry in the GPS residuals may result from a south-dipping fault and/or a change in elastic properties across the Qaidam Basin margin. Given the arguments presented above for a major contribution from viscous flow, the asymmetry may also be explained by a different rheological structure beneath the basin relative to that beneath the plateau to the south. Such a heterogeneous structure could entail a change in elastic and/or viscoelastic properties (higher rigidity/viscosity) or a change in crustal thickness, or both. There is in fact a range of independent geophysical evidence for such heterogeneity. A decrease in crustal thickness from 55 to 40 km at the boundary of the Qaidam Basin was suggested by Zhu & Helmberger (1998) as an explanation for observed teleseismic P-wave anomalies, and more recently Shi et al. (2009) and Mechie et al. (2011) have presented seismic evidence that supports this general inference. These authors collectively suggest that the reason for the change in crustal thickness is the strength of the Qaidam Basin relative to the weaker crust beneath the plateau, with only the latter thickening in response to the India-Eurasia collision. Other independent geophysical data suggest the possibility of a change in viscosity (and therefore strength) across either the Kunlun Fault itself or the Qaidam Basin margin. Transect 600 of the INDEPTH project runs from the Bangong-Nujiang suture zone northwards across the Qiangtang terrane in central Tibet, through the Songpan-Ganzi terrane and then across the Kunlun Shan as far north as the Qaidam Basin. Wei et al. (2001) and Rippe et al. (2010) used magnetotelluric (MT) data along this line to map high conductivity in the lower crust in the Songpan-Ganzi and Qiangtang terranes; north of the Kunlun fault, lower crustal conductivities are more in line with those found in continental interiors. Unsworth et al. (2004) also mapped a decrease in conductivity across the Kunlun Fault, and in addition across the southern margin of the Qaidam Basin. Similarly, the teleseismic P-wave study of Owens & Zandt (1997) maps a high Poisson's ratio across the Kunlun fault up to the end of the INDEPTH line, at the southern margin of the Qaidam Basin.
To test whether a change in viscosity across the basin margin has the potential to explain the asymmetry in GPS residuals, we implement a viscoelastic model with laterally heterogeneous viscous properties, using the formulation of Pollitz (2003b) . The Fortran code developed from this theoretical formulation is VISCO3D, which builds on the foundation of VISCO1D. For simplicity, a change in crustal thickness is not implemented, but we bear this in mind as an additional contributor to the asymmetry. To guide our choice of viscosity for the Qaidam Basin, we re-ran the homogeneous model with higher viscosity values, to try and improve the fit to the northern GPS stations. It was not possible to obtain a really good curve fit to the northern time-series with a homogeneous model. However, the range of viscosities (both transient and steady-state) which approximately match the magnitude of the observed northern time-series are about an order of magnitude greater {4×10 18 /4×10 19 /0.69} than those which fit the southern time-series. Retaining the viscoelastic parameters {9×10 17 /1×10 19 /0.69} obtained previously for the lower crust outside of the Qaidam Basin area, we apply the higher viscosities to the Qaidam Basin lower crust in our heterogeneous model. The model is constructed by specifying an elliptical area that approximately corresponds to the surface topographic expression of the Qaidam Basin (see Fig. 1 ), and assigning a viscosity perturbation at depth beneath this area. For both the plateau and the basin, the upper crust is again set to 16.5 km and the viscoelastic medium is set to be very thick, since the 'half space' displacements in the homogeneous model were very similar to the 65 km thick layer displacements. Other than the earth model input, the modelling procedure is very similar to that for the homogeneous case. We do not aim to produce a heterogeneous model that explains all details of the observed displacement field, but rather to illustrate the general effect of lateral heterogeneity on surface displacements along the GPS profile. Fig. 13 shows the results of the modelling. By way of testing the heterogeneous model, the left-hand panel is a comparison of outputs from the radially symmetric model and the heterogeneous 626 I. Ryder, R. Bürgmann and F. Pollitz model set up to simulate radial symmetry. The residuals between the two models are small and give us confidence that the heterogeneous model is a reasonable representation of lateral heterogeneity. The right-hand panel compares homogeneous and heterogeneous earth models, with viscosities {4×10 18 /4×10 19 } under the Qaidam Basin. It can be seen that while the viscosity perturbation has very little effect on displacements to the south of the fault, it significantly reduces those on the northern side, and the effect is not limited to the four northernmost sites which the radially symmetric model overpredicts. The observed displacement at the most northerly site on the south side is under-predicted by the homogeneous model, but the heterogeneous model brings the model vector closer to the observation. This preliminary modelling gives impetus to the suggestion that the Qaidam Basin is more rigid than the Tibetan Plateau, with lower crustal viscosity values greater than the equivalent plateau values. More comprehensive modelling will be required to explore this variation in rheological structure more fully.
The schematic diagram in Fig. 14 summarises our inferred rheological structure across the Kokoxili rupture. The upper crust is labelled with a thickness of 16.5 km, which is the depth of coseismic slip estimated by Wang et al. (2003) , but there likely exists a zone of afterslip beneath the coseismic fault rupture, which gradually merges at depth into the top of the viscoelastic layer where lower crustal flow occurs. We are not able to place constraints on the depth range or magnitude of afterslip. Viscoelastic relaxation occurs in the lower crust right down to the Moho, and possibly into the upper mantle. There may be some small increase or decrease in viscosity throughout the lower crust, but if so this would be limited to less than a factor of about three. The flow in the crust beneath the Songpan-Ganzi and Qiangtang terranes is most likely due to partial melt, for which there is independent supporting geophysical evidence. The Qaidam Basin to the north of the Kunlun Fault has a different rheological structure compared to the plateau, with higher viscosities and a thinner crust. 
Lower crustal rheology
In this study, we infer that viscous flow in the lower crust (and possibly the upper mantle) is responsible for at least some of the observed post-seismic surface deformation following the 2001 Kokoxili earthquake. A relatively simple model of flow in a homogeneous crust with a Burgers rheology is sufficient to explain the first-order spatial and temporal characteristics of the geodetic data sets. Although several other investigations of post-seismic stress relaxation have inferred a biviscous upper mantle (Pollitz et al. 2003 (Pollitz et al. , 2006 Pollitz 2005) , this study is the first to propose a Burgers-type behaviour for the lower crust. For all Burgers rheology case studies, the transient and steady-state viscosities vary by about 1-1.5 orders of magnitude, as illustrated in Fig. 15 . This is of interest in light of the conclusion by Chopra (1997) that natural dunites deformed in the laboratory can be effectively modelled in terms of a Burgers rheology, and that the ratio η 1 /η 2 for these rocks is relatively insensitive to temperature and stress. For some earthquakes for which a Burgers rheology has been proposed, for example the 1999 Hector Mine event (Pollitz 2003a ) and the 2002 Denali event (Pollitz 2005) , other workers have shown that a power-law rheology also provides a reasonable fit to surface geodetic data (Freed & Bürgmann 2004; Freed et al. 2006) . For a Burgers body, viscosity values of both the Maxwell and Kelvin elements are constant. However, during post-loading stress relaxation, dominance passes from the Kelvin to the Maxwell element over time. Since at any one time both elements contribute to the overall deformation, this means that effective viscosity changes over time. It can thus be seen that a Burgers rheology can in fact approximate a power-law rheology, whose effective viscosity is stress-dependent and therefore does actually change during the post-seismic phase as stresses are relaxed. Distinguishing between these two functionalities is therefore not straightforward.
Although it has been known since the INDEPTH seismic/MT studies starting in the mid-1990s that the lower crust in northern Tibet is highly conductive, only recently have the results of these studies been tied into the results of laboratory experiments to make quantitative estimates of crustal viscosity, assuming that high conductivities are due to the presence of partial melt in the lower crust. Rippe & Unsworth (2010) inferred flow rates and viscosity values for a compilation of MT measurements of conductance (integrated conductivity over depth), drawing on various published laboratory measurements of partial melts. For the Qiangtang terrane, Rippe & Unsworth (2010) inferred an effective viscosity range of 2.5 × 10 18 -3 × 10 20 Pa s for granites, depending on whether the conducting layer is assumed to have constant thickness or constant bulk resistivity. For aplites, the effective viscosity range is 4.5 × 10 16 -8 × 10 19 Pa s. As Rippe & Unsworth (2010) point out, there are many assumptions involved in their estimation of viscosity. However, it is worth noting that the wide range of viscosities constrained by their study span the values of steady-state viscosity obtained in this study. Fig. 16 shows a 50-yr projection of east-west post-seismic displacements at GPS site BDGD, which is located about 5 km south of the fault. Cumulative displacements in 2020 are predicted to have reached 42 cm; for 2050, the prediction is 60 cm. Continued geodetic measurements in this region are therefore to be encouraged, to test whether a Burgers description of the lower crust is viable over decadal timescales. Ryder et al. (2007) found that both viscous flow in the lower crust and deep afterslip can explain the observed post-seismic transient following the 1997 Manyi earthquake. From the viscoelastic relaxation modelling, it was found that to match the observed time dependence of the surface displacements, the lower crust was required to have two time constants; in this case a standard linear solid Figure 16 . Projection of east-west displacement at GPS site BDGD up to the year 2050, according to our optimal Burgers rheology model. was used, with an optimal viscosity of 4 × 10 18 Pa s and a relaxation in shear modulus of one third. The relaxation in shear modulus is the same as the Burgers body equivalent obtained in the present Kokoxili study, while the best-fit viscosity, which provides a reasonable fit to the Manyi data irrespective of time period, is in between the values of transient and steady-state viscosities estimated for the Kokoxili region. Bell et al. (2010) extended the InSAR data set of Ryder et al. (2007) beyond a decade from the Manyi earthquake and found that displacement rates of 1 cm yr -1 occurred in the twelfth post-seismic year. Since it is unlikely that afterslip would continue for such a long period of time, this deformation is indicative of viscoelastic relaxation in the lower crust.
The 1997 Manyi earthquake
Here, we model the lower crust in the Manyi region using a Burgers rheology instead of a standard linear solid rheology, to test whether the same parameters obtained from the Kokoxili study are applicable 250 km along strike to the west. For the four Manyi postseismic interferograms listed in Table 4 , some of which are shown in Table 4 . Post-seismic interferograms for the Manyi earthquake. Profiles across the fault for each interferogram are shown in Fig. 17 fig. 4 of Ryder et al. (2007) , we model surface line-of-sight displacements along cross-fault profiles in an analogous way to the Kokoxili modelling. The interferograms are chosen from Tracks 305 and 33, which between them cover most of the surface deformation field (see fig. 4 of Ryder et al. 2007) . To test whether the Burgers model successfully reproduces the time dependence of the transient, the interferograms have a range of temporal coverage over the first four post-seismic years. We start by simply taking the optimal Burgers parameters from the Kokoxili analysis and running models for the time periods covered by the Manyi interferograms. The upper layer thickness is set to be 16 km and the viscoelastic medium is designated as a half-space. Fig. 17 shows profiles across the interferograms, and the thin dashed lines show the predictions of the Kokoxili-type rheological model. InSAR displacements are shown for pixels within 10 km of the model profile line. The model displacements are the correct order of magnitude, but under-predict the observed displacements for three out of the four profiles, and also make the wavelength of the Track 305 profiles too broad (thin dashed lines in Fig. 17) . A significantly better fit is achieved if the transient viscosity is modified to η 1 = 5 × 10 17 Pa s (thicker solid black lines in Fig. 17 ), that is, if the transient viscosity in the Manyi area is about 30 per cent lower than in the Kokoxili area. The shear modulus ratio α is the same for both areas. There is no clear discrepancy between the goodness of fit on the southern and northern sides of the fault, suggesting that lateral heterogeneity in viscous properties is not as pronounced here as it is further east across the plateau-bounding Kunlun fault. This is consistent with there being no basin adjacent to the Manyi area. The suggested difference in viscosity along strike is small compared to the several orders of magnitude variation in viscosity that has been proposed by various workers for the Tibetan lower crust (Clark & Royden 2000; Shen et al. 2001; Hilley et al. 2009) . A distance of about 250 km separates the Manyi and Kokoxili areas, and so it is perhaps not surprising that there is some small degree of heterogeneity. Cenozoic volcanic rocks mapped in the eastern Songpan-Ganzi and Qiangtang terranes crop out west of 92
• (e.g. Ding et al. 2003) , that is, west of most of the Kokoxili deformation, and the Manyi area in particular has many examples of potassic volcanic rocks around Ulugh Muztagh. If the presence of these volcanics is indicative of the extent of partial melt in the lower crust, and partial melt facilitates the initial creep response to the coseismic stress changes through its presence at grain boundaries, this might explain the lower transient viscosity in the Manyi area.
C O N C L U S I O N S
In this study, we have analysed geodetic data sets to place robust constraints on the rheological structure and properties of the crust beneath the northeastern Tibetan plateau. A combination of early (one year) GPS data and later (years two to five) InSAR data following the 2001 Kokoxili earthquake allows us to infer stress relaxation by flow in a warm mid to lower crust beneath the plateau with a biviscous rheology (transient viscosity 9 × 10 17 Pa s and steadystate viscosity 1 × 10 19 Pa s). The mechanical properties of the crust vary from north to south across the fault, with thinner crust/higher viscosities beneath the Qaidam Basin relative to the plateau. Afterslip throughout the thick Tibetan lower crust can give a reasonable match to the InSAR observations in the third post-seismic year, but (i) the modelled deformation lobes are slightly less broad than those observed, and (ii) using the afterslip distribution to model the early GPS displacement vectors gives a systematic azimuthal mismatch either side of the fault. We infer that afterslip cannot have been the only mechanism of stress relaxation, although some degree of (early) afterslip is likely to have occurred, in which case our estimated viscosity values would represent lower bounds. From reanalysis of the post-seismic InSAR data set for the 1997 Manyi earthquake using a Burgers rheology, some modest rheological heterogeneity is inferred along strike, with a slightly lower transient viscosity (5 × 10 17 Pa s) beneath the Manyi region. Model predictions of surface deformation near the Kokoxili rupture in the future suggest that up to 60 cm of east-west displacement may occur by the year 2050, so further observation of stress relaxation in this area is warranted.
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